Abstract. Radiotherapy is not commonly used for the treatment of human hepatocellular carcinoma, due to its poor response rate and poor tolerance of normal liver to ionizing radiation. Recently developed microarray technology makes it possible to verify genes responsive to anticancer therapy of human cancers by simultaneous analysis of gene expression profiles. In the present study, the expression profile of radiationresponsive genes in human hepatocellular carcinoma was evaluated through time-dependent cDNA microarray analysis of expressional variation, following exposure to ionizing radiation. Upon exposure to radiation, more than 13% of genes in both radiation-resistant and -sensitive cells responded to radiation. Time-dependent analysis of radiation-responsive genes revealed that, irrespective of radiation sensitivity, greatly different subsets of genes sequentially participated in cellular response to radiation at their specific activation or deactivation time points. The majority of radiation-responsive genes were differentially but not commonly expressed between radiationresistant and -sensitive cells. When these differentially regulated genes were classified according to their physiological and functional characteristics and radiation sensitivity, it was prominently obvious that DNA repair-promoting genes were up-regulated in radio-resistant cells and down-regulated or unchanged in radiation-sensitive cells. The present findings indicate that different subsets of genes are sequentially working and DNA repair capacity may control the radiation sensitivity of human hepatocellular carcinoma cells more than any other physiological factor.
Introduction
Hepatocellular carcinoma (HCC) is one of the most fatal diseases in the world (1) . Although there are many treatment modalities of HCC, including surgical resection, radiotherapy, percutaneous ethanol injection therapy, liver transplantation and transcatheter arterial chemo-embolisation (2), surgical resection is potentially the only form of curative treatment (3) . However, only <20% of HCC patients are surgical candidates at the time of diagnosis, either due to frequent metastasis or inadequate hepatic reserve to permit hepatectomy to be a practical treatment option (4) . Radiotherapy, an alternative treatment modality for non-surgical candidate HCC patients, is not, however, more effective than other modalities because of a low yield of tumor regression, radiation-induced liver diseases, and impaired liver function due to severe liver cirrhosis (5) (6) (7) . The poor response rate of HCC to radiation might also be due to an intrinsic resistance to radiotherapy, including anticancer chemotherapy. Nevertheless, amidst the wide array of non-surgical modalities available, radiotherapy has been thought to offer another interesting choice for the treatment of HCC (8) .
The development of cDNA microarray technology made it possible to simultaneously analyze multiple genetic markers and subsequently categorize human cancer subtypes according to their responses to anticancer agents (9) . However, despite a plethora of gene expression data of various human cancers treated with anticancer agents, including radiation (10), none were found to have examined the response of HCC against irradiation. Therefore, the present study was undertaken to investigate the temporal gene expression profile of HCC after irradiation using cDNA microarray and we identified DNA repair-associated genes that could contribute to radiationresistant characteristics of the HCC cell line. Our present expression profile data of radiation-responsive genes are expected to provide an informed approach to therapeutic targets for enhancement of the radiation sensitivity of HCC. ONCOLOGY REPORTS 15: 33-48, 2006 33 Temporal cDNA microarray analysis of gene expression in human hepatocellular carcinoma upon radiation exposure Preparation of total cellular RNA for cDNA microarray. HepG2 and Hep3B cells were seeded onto 10-cm culture dishes and harvested at 0, 3, 24 and 72 h after exposure to ionizing radiation at a dose of 4 Gy. Total cellular RNA was extracted using an RNeasy Mini kit (Qiagen, Hilden, Germany), and Figure 1 . Survival analysis of HCC cell lines exposed to radiation. Eight different HCC cell lines were exposed to 4 Gy ionizing radiation, and the surviving colonies were counted as described in Materials and methods. cDNA microarray analysis. The 14 K cDNA microarray chips containing 14,080 genes and 704 control genes were printed onto glass microscope slides using Korean Unigene Information cDNA clones. Probe preparation and hybridization were performed using a 3DNA Array 50 kit (Genisphere Inc., PA, USA) according to the manufacturer's protocol. Briefly, 5 μg each of experimental RNA of irradiated cells and 5 μg of reference RNA obtained from unirradiated cells were reverse transcribed with Cy5/Alexa Fluor 647 and Cy3/Alexa Fluor 546 primers, respectively, by incubation with reverse transcriptase for 2 h. Two cDNAs with Cy-3 or Cy-5 capture sequences were mixed and hybridized in Express Hyb™ solution (BD Biosciences, Palo Alto, CA, USA) onto microarray overnight at 65˚C. The arrays were washed and scanned by a ScanArray scanner (Perkin-Elmer, Boston, MA, USA).
Data analysis. Primary data from image files were obtained using Imagene 5.0 (Bio-discovery, Marina del Rey, CA, USA) and normalized using an intensity and spatially-dependent method, as previously described (9) . All array spot elements, for which the fluorescent intensity in each channel was >1.4-fold the local background, were considered well measured. The primary array data can be obtained at the website (http://www.kiramsdb.re.kr/db/lkh1.html).
Results

Continuous activation of a different subset of genes in response to radiation.
To obtain radiation sensitivity profiles of HCC cell lines, we performed a colony forming assay after exposure of eight HCC cell lines to various doses of ionizing radiation. They were subsequently dissected according to the level of radiation sensitivity: HepG2, Chang liver, SNU-398, and PLC/PRF/5 cell lines were categorized as a relatively radiation-resistant group, and Huh-7, SK-Hep-1, SNU-182 and Hep3B cell lines as a relatively radiation-sensitive group (Fig. 1 ). Using this radiosensitivity profile, we selected two HCC cell lines with the most differential sensitivity among them: HepG2 and Hep3B were chosen to be representative radiation-resistant and -sensitive lines, respectively.
To identify whether genes responded differentially or commonly between radio-sensitive and -resistant HCC cell lines, we performed a cDNA microarray of HepG2 and Hep3B cells and then analyzed the temporal variation of 14,080 gene expression levels upon exposure to 4 Gy radiation. One prominent finding was the occurrence of a subset of radiationresponsive genes whose expression levels varied as a function of time in both cell lines. These radiation-responsive genes were largely divided into three groups on the basis of their expressional variation starting points: immediate response genes (Fig. 2 , first column from left), intermediate response genes (Fig. 2 , second column from left), and late response genes (Fig. 2 , third column from left), whose expressions were up-or down-regulated within 3, 24, and 72 h, respectively. The most common characteristics of these radiation-responsive genes were that the altered expression levels of the majority of immediate and intermediate response genes were markedly recovered to their original levels at 24 and 72 h, respectively, and that late response genes did not show any significant changes in their expression levels at 3 and 24 h. Of these radiation-responsive genes in HepG2 (n=369) or Hep3B cells (n=230), however, the genes that continuously maintained altered levels constituted only 4.87% or 0.43% (Fig. 2 , right column), respectively, indicating that the majority of radiationresponsive genes in each group have their specific allocated periods in which to participate in the process of cellular response to radiation. As summarized in Table I , which shows the number of genes with altered expression following radiation exposure, radiation-responsive genes with a >2-fold up-regulation or <0.5-fold down-regulation during the period ONCOLOGY REPORTS 15: 33-48, 2006 Table I. Time-course distribution of number of genes showing expression variation.  -----------------------------------------------------------------------------------------------------A. HepG2   3 h  24 h  72 h   ---------------------------------------------------------------------Fold  Up  Down  Total  Up  Down  Total  Up  Down  Total   -----------------------------------------------------------------------------------------------------1.5  257  252  509  339  341  680  295  305  600   2.0  142  79  221  111  140  251  98  112  210   3.0  33  11  44  21  19  40  20  6  26 - 
The number of genes with altered expression were summarized at three time points of 3, 24, and 72 h after 4 Gy irradiation. Fold indicates ratios of gene expression in irradiated cells divided by those of unirradiated control cells. Up or down indicates expression ratios above or below 1.5-, 2.0-, and 3.0-fold, respectively.
- Table II . Commonly up-regulated genes between radiation-resistant and -sensitive cells following radiation exposure. (Table II) . Similar to up-regulated genes, a low number of overlapped genes was also found among the bottom 200 down-regulated genes in each cell line (Table III; 22, 57, and 17 genes at 3, 24, and 72 h, respectively), indicating that the number of commonly responsive genes was few among radiation-responsive genes in each HCC cell line. The small number of overlapped genes may have been due to a large difference of radiation sensitivity between HepG2 and Hep3B cell lines. This notion led us to consider the possibility that the determination of radiation sensitivity might be associated with genes expressed differentially rather than commonly between HepG2 and Hep3B cells (Tables IV  and V) . To identify a group of genes that are functionally and physiologically responsible for radiation sensitivity, we classified radiation-responsive genes by running the FatiGO gene ontology algorithm (http://fatigo.bioinfo.cnio.es) (11) and then identified differentially expressed genes within a specific expression cluster between HepG2 and Hep3B cells. We initially focused on DNA repair-associated genes, since DNA repair is an important mechanistic basis of healing singleand double-stranded breaks upon radiation exposure. In an effort to classify DNA repair-associated genes according to their actions, we separated them into four categories based on repair mechanisms: base excision repair (BER), nucleotide excision repair (NER), double-strand break repair (DSB), and mismatch repair (MMR) (Table VI) . Strikingly, it was found that DNA repair-promoting genes were up-regulated in HepG2 cells, while their expression levels were unchanged or downregulated in Hep3B cells. Of genes operating on mismatch repair, MSH6 (12) in HepG2 cells was up-regulated at 3 h, and PMS1 (13) in Hep3B cells was down-regulated at 24 h. In addition, HepG2 cells showed an up-regulation of genes involved in double-strand break repair, such as Ku70 and DNA-activated protein kinase, and nucleotide excision repair, such as ERCC5. In contrast to the increase of DNA repair gene expression levels specifically in radio-resistant HepG2 cells, radio-sensitive Hep3B cells showed a down-regulation of base excision repair genes, such as uracil-DNA glycosylase-1 and -2 genes, in addition to Ku70, ERCC5, and PMS1. Since a correlation between radiosensitivity and expression variation of DNA repair gene family was not found under any other physiological conditions, such as apoptosis and cell growth (data not shown), the present findings led us to conclude that the DNA repair gene family is responsible for the differential radiosensitivity in HCC. ONCOLOGY REPORTS 15: 33-48, 2006 Table II. Continued. - Table III . Commonly down-regulated genes between radiation-resistant and -sensitive cells following radiation exposure. Table III . Continued. - Table IV . Differentially up-regulated genes between radiation-resistant and -sensitive cells following radiation exposure. Table IV . Continued.
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A family of DNA repair genes was selected using the gene ontology algorithm, then classified into four categories: base excision repair (BER), double-strand break repair (DSB), nucleotide excision repair (NER), and mismatch repair (MMR). a Intensity ratios of Cy5/Cy3. Bold represents expression ratios >1.5-fold.
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Discussion
The development of microarray technology for large-scale analysis of gene expression makes it possible to systemically identify molecular markers of human cancers (14) . In the analyses of HCC gene expression profiles, classifier genes in most cases have also been evaluated for the discrimination of HCC and prediction of their clinical outcomes (15) (16) (17) (18) (19) . In the present study, we performed temporal analysis of radiationresponsive genes and subsequently identified the radiation sensitivity classifier in HCC. The most notable finding was that greatly different subsets of genes were sequentially upor down-regulated during the period of 72 h post-irradiation. This finding indicates that HCC cells, upon exposure to radiation, markedly and differently activate or deactivate genes between early and late phases after irradiation. When radiation-responsive genes were classified according to their function using gene ontology, we found that DNA repairassociated genes were well matched with radiation sensitivity among other classes of physiologically relevant genes, and the inability to repair double-strand breaks induced by radiation may cause cell death (20, 21) . In the present study, relatively radiation-resistant HepG2 cells showed up-regulation of a substantial fraction of DNA repair-associated genes, including Ku70, PMS1, MSH6, DNA-dependent protein kinase, and ERCC5 genes. On the other hand, relatively radiation-sensitive Hep3B cells exhibited the above DNA repair-associated genes as unchanged or down-regulated. Inactivation of these DNA repair-associated genes has been shown to decrease the survival rate of cells upon exposure to DNA damage-inducing drugs, thereby sensitizing cells to anticancer agents such as radiation (22) . These earlier findings, together with our present result that DNA repair-associated genes correlate with radiation sensitivity of HCC cells much more strongly than any other physiological processes, indicate that differential radiation sensitivity of HCC cells may be due to their repair capacity of DNA strand breaks.
